Gravitational waves (GWs, from the binary merger) interacting with ultra-strong magnetic fields of the neutron star (in the same binary system), would lead to perturbed electromagnetic waves [EMWs, in the same frequencies of these GWs, usually categorized into super-low-frequency (SLF) band for the EMWs]. Such perturbed SLF-EMWs are not only the signals, but also a new type of special EM counterparts of the GWs with very different properties compared to usual EM counterparts, e.g. gamma-ray bursts (GRBs). Here, generation of the perturbed SLF-EMWs is investigated, and the strengths of their magnetic components are estimated to be around 10 −12 Tesla to 10
I. INTRODUCTION
The LIGO scientific collaboration and the Virgo collaboration have so far reported 11 gravitational wave (GW) events (GW150914, GW151012, GW151226, GW170104, GW170608, GW170729, GW170809, GW170814, GW170817, GW170818, GW170823) [1] [2] [3] [4] [5] [6] [7] [8] from binary black hole mergers [1-5, 7, 8] (with frequencies around 30Hz to 450Hz and dimensionless amplitudes ∼ 10 −21 to ∼ 10
near the Earth) or from binary neutron star merger [6] [GW170817, comes with the first electromagnetic (EM) counterpart of the GWs]. These great discoveries inaugurated a new era of GW astronomy. Meanwhile, the EM counterparts which may occur in association with corresponding observable GW events, have also been massively studied based on various emission mechanisms [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] due to that they * wenhao@cqu.edu.cn can bring us crucial information with rich scientific values. Further, in order to obtain more extensive and in-depth astronomical information, on the path forward for multi-messenger detections, it will be very expected to expand the observations in broader frequency bands (low, intermediate, high, and very high-frequency bands), through a wider variety of methods with different effects, aiming on more types of sources, to explore richer information of properties of the gravity and Universe. E.g., some interesting questions would arise: are there and how can we detect the possible nontensorial polarizations of GWs predicted by gravity theories beyond GR including those with extra-dimensions? Can we observe GWs based on different principles for seeking information that current GW detectors may not give? Can we acquire any new EM counterparts generated by other mechanisms with different characters?
In this article we address a topic that above questions would converge. A possible new way to detect the GWs from binary mergers is pro-
FIG. 1:
A general frame: if one star in the binary merger is a neutron star, or even a magnetar, the binary system (i.e., neutron star-neutron star binary, or black hole-neutron star binary) could have ultra-strong magnetic fields up to ∼ 10 11 Tesla. Moreover, during the amplification process, the magnetic fields would be greatly amplified and could easily reach 10 12 Tesla or much higher. The GWs from such binary merger could interact with such extremely high magnetic fields, and lead to perturbed EMWs [also in the GW frequency band, and usually defined as super-low-frequency (SLF) band in context of EMW researches, around ∼ 10 1 to ∼ 10 2 Hz], which propagate to far field area near the Earth synchronously with the GWs due to their identical or almost identical velocities. Thus, such perturbed SLF-EMWs could be a new type of signals and special EM counterparts of GWs from binary mergers, and they would be captured by land or space based high sensitive SLF-EMW detectors, and such detections would be complementary to and cross-checked with the observations by LIGO, Virgo, KAGRA, etc for the GWs. Particularly, the perturbed SLF-EMWs have characteristic waveforms and particular polarizations which may reflect different new information about some crucial issues such as the tensorial and possible nontensorial polarizations of GWs from binary mergers.
posed here based on the effect of EM response to GWs, which had been long studied [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] but were usually in very high frequency bands such as over GHz (10 9 Hz) [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . Whereas, we now apply such mechanism targeting on the GWs in the intermediate band (around ∼ 1 to ∼ 1000Hz) from the binary mergers.
Specifically, as demonstrated in Fig. I , considering one star in the binary is a neutron star (or magnetar, which usually has ultra-strong surface magnetic fields ∼ 10 11 Tesla), according to the electrodynamics in curved spacetime, during the binary merger, the produced GWs could interact with such ultra-strong magnetic fields of the same source, and then lead to significant perturbed EMWs in the same frequency band [normally defined as super-low-frequency (SLF) band in context of researches for EMWs]. These perturbed SLF-EMWs propagate together with the GWs into far field area until the Earth, as a new type of signals and EM counterparts of GWs from the binary mergers. Such multi-messenger signals of GWs+SLF-EMWs could be observed via different corresponding methods, e.g., the SLF-EMWs could be captured by land or space based highly sensitive SLF detectors and magnetometers, and they would be complementary to (and cross-checked with) the observations by GW detectors of LIGO, Virgo, KAGRA and so on.
For the first step of estimation, instead of massive numerical computing, we apply a typical model [41] of surface magnetic fields of neutron stars for calculation, to try to obtain a primary but safe estimation of the order of magnitude of the signal strengths. Based on the electrodynamics equations in curved spacetime and previous works [24, 30, 31, 34, 35, 39] , the perturbed SLF-EMWs are estimated for various cases including that having tensorial and possible nontensorial GWs, and the strengths of their magnetic components would be generally around 10 −12 Tesla to 10 −17 Tesla at the Earth, which are within or approaching the detectable windows of existing magnetometry based on atoms, superconducting quantum interference device (SQUID), spin wave interferometer, coils-antennas and so on . Crucially, for the case that the neutron star in the binary is a magnetar, such signals in level of ∼ 10 −13 Tesla are already detectable by current highly sensitive SLF detectors and magnetometers [55, 59, 67, 70, 72, 85] .
The strong magnetic fields of binary would be further significantly amplified by the amplification process, which had been widely studied [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] as a key feature to understand the physical behaviours during the binary merger, and it perhaps lead to the strongest magnetic fields in the Universe [43] . Thus, the amplification process will not only result in the further stronger signals of the perturbed SLF-EMWs, but also lead to that the waveforms of perturbed SLF-EMWs have an enlargement and modification in corresponding time duration (of the amplification of magnetic fields), i.e., the waveforms of perturbed SLF-EMWs would have very distinctive shapes, and should not be just linearly proportional to the waveforms of the GWs.
The particular polarizations of the perturbed SLF-EMWs caused by tensorial and possible nontensorial polarizations of GWs will also be a very special character. In frame of GR, GWs have tensorial polarizations only (× and + modes), but generic metric theories predict up to six polarizations (including vector modes: x, y, and scalar modes: b, l ) [52, 53] , and such additional polarizations relate to many important issues like the modified gravity and extra-dimensions of space. Based on current researches [39, 54] , specific relationship of how the polarizations of perturbed SLF-EMWs connect to the tensorial and nontensorial polarizations of the GWs from binary mergers, is addressed, and typical examples are presented.
Such characteristic waveforms and particular polarizations of the perturbed SLF-EMWs will be very unique features helpful for filtering and extracting the signals of perturbed SLF-EMWs from background noise.
The perturbed SLF-EMWs as a special type of EM counterparts of the GWs, sit in totally different frequency band rather than usual EM counterpart of GRBs; besides, they have another very special and important property: the GRBs are usually assumed to be generated nearly at the same time to the GWs, but actually there would be still some unknown uncertainty of their start time; differently, for the perturbed SLF-EMWs, such uncertainty could be reduced or avoided, because under the frame of EM response to GWs, they just clearly have the same start time to synchronously propagate with the GWs outward from the source of binary, and thus may provide more accurate information for those analysis based on the difference of arrival times between the EM and GW signals.
Plan of this article is as follows: In Sect.II, strengths of magnetic components of the perturbed SLF-EMWs caused by GWs of binary mergers are estimated. In Sect.III, the amplification process of magnetic fields and the modification of waveforms of the perturbed SLF-EMWs are addressed.
In Sect.IV, particular polarizations of the perturbed SLF-EMWs depending on the tensorial and possible nontensorial polarizations of the GWs of binary mergers, are investigated. In Sect.V, issues of methods of detection for the perturbed SLF-EMWs are discussed. In Sect.VI, summary of results, discussion and conclusion are given.
II. STRENGTHS OF PERTURBED SUPER-LOW-FREQUENCY EMWS CAUSED BY GWS FROM BINARY MERGERS
In this section we estimate the strengths (at the Earth) of the perturbed SLF-EMWs caused by interaction between the GWs of binary mergers and the ultra-strong magnetic fields of neutron star (or magnetar) of the same binary system.
For the first step of estimation, instead of massive numerical computing, we apply a typical model [41] of the surface magnetic fields of neutron stars for calculation, and it can be expressed as [41] :
In spherical coordinates with orthonormal basis of e r , e θ and e φ , the r = re r , and B = B r e r + B θ e θ + B φ e φ . The S is expanded in a series of spherical harmonics, and P m l (cos θ) is the Legendre polynomial. For l = 1, m = 0, it corresponds to the dipole mode:
From Eqs. (1) to (2) , the dipole component of surface magnetic field is:
Sum the terms in Eq.(3), a typical form of neutron star surface magnetic field in dipole mode can be obtained [see Fig.2 (a)]:
the metric h is [41] :
Notice that the h(r) very fast drops into 1 for r > 2M , so in the calculation for the area r > 10km (typical neutron star radius) we could approximately take it as 1; m(r) is the mass function to determine the total mass enclosed within sphere of radius r, and m(r) ≡ mass of magnetar in our case. Similarly, for l = 2, m = 0, we have the quadrupole mode of surface magnetic fields [see Fig.2 
Neutron star surface magnetic fields in quadrupole mode would have comparable strength to that in dipole mode [77] , and the C 1 and C 2 are constants (with different dimensions) that have been calibrated to satisfy the typical strength of surface magnetic fields (e.g. for magnetar, ∼ 10 11 T). In dipole mode, the tangential components [i.e. e θ com- We also compare above model with more simple models (i.e. just considering the magnetic fields decay by ∼ r −3 or ∼ r −4 ), and we can see that [ Fig.2(c) ] the dipole magnetic fields decay faster than the simple model of ∼ r −3 in the near field close to the source. Actually, the decay behaviour of magnetic fields in near field area predominately impact the generation of the perturbed SLF-EMWs (we can see that in later part of this section), so we should use such typical model instead of the simple models to obtain more safe estimations.
On the other hand, if the GWs of binary mergers contain possible nontensorial polarizations, they can be generally express as:
the +&×, x&y, b&l respectively represent the cross&plus-(tensor mode), x-&y-(vector mode), b-&l-(scalar mode) polarizations. Interaction of these GWs of binary mergers with the ultra-strong magnetic fields [background fields, Eqs. (4) and (6)] of the neutron star of the binary system, will generate the perturbed SLF-EMWs, and such effect can be calculated by the electrodynamics equations in curved spacetime:
Due to previous works [24, 30, 31, 34, 35, 39] , the E and B components of the perturbed SLF-EMWs for an accumulation distance of ∆L (small enough) were given:Ẽ
here, "A" is the GW amplitude of tensorial modes
surf can be transverse magnetic fields [perpendicular to direction of GW propagation, e.g., the tangential components of Eqs. (4) and (6)], or can be longitudinal magnetic fields [along the direction of GW propagation, e.g., the radial components of Eqs. (4) and (6)].
Importantly, the tensorial GWs can interact with the transverse magnetic fields but cannot with the longitudinal magnetic fields, and contrarily, the nontensorial GWs can interact with the longitudinal magnetic fields but cannot with the transverse magnetic fields [39] . Thus, in this article, we only consider the vector modes of (A x , A y ) for the nontensorial GWs, because the the longitudinal magnetic fields can only interact with (A x , A y ) GWs and cannot interact with A b or A l GWs [39] . To precisely calculate the waveform of the perturbed SLF-EMWs is a much more complicated task. However, here, as the first step, at least we can have a conservative estimation of only the order of amplitude of the signal strengths. Therefore, taking a typical example, we can calculate a simple situation shown in Fig. 3 , where the binary is very close to the merger time (t = 0, defined as the time when the amplitude of GW reaches the maximum), e.g., only several millisecond before the merger time, and the distance between the two centers of stars in the binary is set to 4 · rns (rns = 10 4 meter, typical radius of neutron star). We can integrate the contributions [given by Eq. (9), replace the ∆L by dr] of generation of the perturbed SLF-EMWs of every small accumulation distance "dr", from the r 0 (start point of the accumulation, set as 3 · rns here) until some end point of accumulation R acc ; besides, every part of contribution of the perturbed SLF-EMWs in the "dr" will decay from the position r to R 0 (R 0 is some observer distance), so there will be a term of r/R 0 in the formula, see below. Actually, the accumulation will continue after the R acc , but we drop this part because it is comparatively tiny. Here we set the R acc as r 0 + 10 5 meter for estimations, and the reason to chose such distance is that: when the binary is very close to the merger time, the period of binary orbiting is typically ∼ 10 −2 second, so in a very short duration of time, e.g. 5 meter of the propagation distance of GW), the magnetic field of binary could be approximately treated as static or quasi-static for the case shown in the Fig. 3 , so in this short duration and in this accumulation distance, the integral of these contributions of perturbed SLF-EMWs is valid, as a safe estimation. Therefore, together with Eqs. (4), (6) and (9), we work out the accumulated perturbed SLF-EMWs caused by the tensorial GWs interacting with transverse surface magnetic field (tangential, or e θ component) of the dipole mode, and the strengths of their magnetic components has the form:
The term ( R earth A earth r ) represents A(r) (amplitude of GW at position of r), where the R earth and A earth are the distance of binary to the Earth and the amplitude of GW at the Earth. The subscript "prtbd" and "tsr" of aboveB dipole prtbd−tsr mean "perturbed EMWs" and "caused by tensorial GWs"; the superscript "dipole" means here we include the dipole mode of surface magnetic fields for calculation. The ω is the angular frequency. Besides, here we use the "r ′ " for the part of magnetic field in the Eq.(10), due to that the center of the neutron star is not at the center of the binary (where r = 0), but at the r = 2 * rns (also see Fig. 3 ) for our calculation, i.e., the radial coordinate of neutron star (included for calculation) is shifted into r ′ = r−2 * rns; also, we note the R ′ acc = R acc −2rns, and r ′ 0 = r 0 − 2rns, respectively. When R 0 > R acc , as also mentioned above, we only include the contribution of perturbed SLF-EMWs before the R acc and treat the accumulated perturbed SLF-EMWs decaying spherically from the position of R acc until the observation point R 0 , i.e., the Eq. (10) is just simply ∼ 1/R 0 for this situation given a specific R acc ; in this case the curves of Eq.(10) can be found in Fig. 3  (b) . Otherwise, when R 0 R acc , we set R acc → R 0 (replace R acc by R 0 ), so the Eq.(10) turns into a more complex function of R 0 [increase first and then decrease, due to the compositive effect of accumulation and the decaying, the curves can be found in Fig. 3 (a) ].
In a similar way, the strength of magnetic component of the perturbed SLF-EMWs caused by nontensorial GWs interacting with longitudinal magnetic field (radial, or e r component) of the dipole mode, can be obtained:
The subscript "ntsr" of aboveB dipole prtbd−ntsr means "caused by nontensorial GWs". The same, the magnetic component of the perturbed SLF-EMWs caused by tensorial GWs interacting with transverse magnetic fields ( e θ component) of the quadrupole mode, has the form:
The superscript "quad. "of aboveB quad.
prtbd−tsr means the quadrupole mode of magnetic fields are included for calculation. Further, the magnetic component of the perturbed SLF-EMWs caused by nontensorial GWs interacting with longitudinal magnetic field ( e r component) of the quadrupole mode, can be given:
If using simple models of surface magnetic fields of the neutron stars, which just decay by ∼ r −n (n=3, 4, ...), the strengths of magnetic components of the perturbed SLF-EMWs are:
Above Eqs. (10) to (14) estimate the strengths of perturbed SLF-EMWs for various cases: dipoletensorial, dipole-nontensorial, quadrupole-tensorial, quadrupole-nontensorial and simple models of magnetic fields; these results do not contain information of propagation factors or specific waveforms, and only provide estimations for the levels of strengths. Table I and Fig. 4 show examples of these strengths for typical parameters.
In Table I we can find that the levels of magnetic components of the perturbed SLF-EMWs are generally ∼ 10 −12 Tesla to ∼ 10 −17 Tesla at the Earth, for three type of cases: magnetar case (magnetic field = 1.0 × 10 11 Tesla), amplification case (magnetic field = 1.0 × 10 12 Tesla), and normal neutron star case (magnetic field = 1.0 × 10 8 Tesla). Importantly, for the magnetar cases, even if we do not consider the amplification process (see Sect. III), e.g., only consider the duration that the binary is closely approaching the merger time (t = 0), like the situation shown above in Fig. 3 , as a conservative and safe estimation, the magnetic components of the perturbed SLF-EMWs reach ∼ 10 −13 Tesla at the Earth (see magnetar cases in Table I ), which can already be detectable by current technologies.
Also, in Fig. 4 we find that the behaviours of signals among various cases are generally consistent, and the strengths based on simple models of magnetic fields (∼ r −3 , ∼ r −4 ) are generally larger than the strengths based on the dipole or quadrupole magnetic fields, which drop more fast in the near field. Actually, even for cases with just normal neutron stars (not magnetars), the magnetic fields of the binary would be greatly amplified by 3 (or more) orders of magnitude and easily reaching 10 16 G (10 12 Tesla) or higher by the process of magnetic fields amplification (see Sect. III). Besides, results in Table I indicate that the distance does not impact the level (at Earth) of the perturbed SLF-EMWs given the same GW amplitudes at the Earth, because larger distance of sources (binary) requires higher GW amplitudes at the sources, and then it leads to stronger generation of perturbed SLF-EMWs which whereas also need to decay for longer distance to the Earth, so their effects offset each other and thus compositively result in the irrelevance to the distance.
In short, for various cases, the signals (magnetic components of the perturbed SLF-EMWs) in levels of ∼ 10 −12 Tesla to ∼ 10 −17 Tesla are within or approaching the detectable windows of existing magnetometry .
Crucially, for the case that the neutron star in the binary is a magnetar, such signals (also as a special EM counterpart of the GWs) in level of ∼ 10 −13 Tesla are already detectable by current highly sensitive SLF detectors and magnetometers[55, 59, 67, 70, 72, 85] .
III. MODIFIED WAVEFORMS OF PERTURBED SLF-EMWS DUE TO AMPLIFICATION PROCESS OF MAGNETIC FIELDS OF THE BINARY
Based on various mechanisms, the amplification process of magnetic fields of the binary mergers had been widely studied [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] as one key feature to further understand the mergers. E.g., Rasio and Shapiro first pointed that the Kelvin-Helmholtz (KH) instability would significantly amplify the magnetic fields of the binary merger [42] .
Recent work of general relativistic magnetohydrodynamic simulations by Ciolfi et. al. [44] indicate that the amplification process can lead to magnetic fields up to 10 16 G to 10 17 G by the effect of the Kelvin-Helmholtz instability. Subgrid modeling was also applied [51] to find that the amplifications of up to 5 orders of magnitude are possible and the level of 10 16 G can be easily reached. Research of the turbulent amplification of magnetic fields in local high-resolution simulations [49] , presented the magnetic fields ∼ 10 16 G throughout the merger duration of the neutron star binary. Another study [46] on the magnetic-field amplification due to the Kelvin-Helmholtz instability also found that there is an at least 10 3 factor for the magnetic fields of binary neutron star mergers and it can easily reach 10 15 G or higher. Price and Rosswog [43] argued that the magnetic fields of neutron star in binary mergers could be amplified by several orders of magnitude, and it is highly probably much stronger than 2 × 10 15 G for realized cases in nature, and therefore the amplification may lead to the strongest magnetic fields in the Universe.
In brief, many previous studies generally indicated the greatly amplified magnetic fields in the amplification procces during the binary merger. Obtained results of Eqs. (10) to (14) indicate that the waveform of perturbed SLF-EMWs should be linearly proportional and similar to the waveforms of GWs of binary mergers, but such magnetic field amplification will influence the interaction of the GWs with the magnetic fields, and thus result in that the waveforms of the perturbed SLF-EMWs also have an am- The curves are from Eqs. (10) to (14) , and the case of "dipole, tensorial" means the dipole mode of surface magnetic fields of neutron stars and the tensorial GWs of binary mergers are included for calculation, similarly for other cases. Subfigure (a) shows examples of curves of the strengths for range from the source to the Racc (end point of accumulation we include for calculation). Subfigure (b) shows curves for the range from the Racc to very far observation point R 0 = 40M pc. Here, the surface magnetic field of neutron star is set to 1.0 × 10 11 T (for magnetar cases), and the dimensionless amplitude of GWs at the Earth is set to 1.0 × 10 −21 . We can see the strengths of magnetic components of perturbed SLF-EMWs are ∼ 10 −13 Tesla at the Earth, which can already be captured by current technology.
plification and modification in corresponding time duration. Here, we take the waveform of a typical waveform template [78] of binary neutron star merger as an example, and the Fig. 5 shows that the waveform of the perturbed SLF-EMWs deviates from the curve which is just linearly proportional to the waveform of the GWs. Besides, many other works also predict various curves of amplifications of magnetic field during the binary merger, by massive numerical calculations, and if apply those results, the corresponding waveforms of perturbed SLF-EMWs would have diverse shapes and modifications depending on different models and computing methods. Waveforms of the perturbed SLF-EMWs will be very characteristic features helpful for extracting the signals of perturbed SLF-EMWs from background noise, by similar signal processing methods applied for LIGO&Virgo data using matched filtering based on waveform templates. However, it should be emphasized that, the Fig. 5 is not the exactly predicted waveform of the perturbed SLF-EMWs but only to intuitively present the overall increasing tendency of the perturbed SLF-EMWs due to the amplification of magnetic field of the binary, just based on very simplified considerations, and the precisely predicted waveforms of the perturbed SLF-EMWs need to be computed by massive numerical calculations and simulations (e.g., using methods similar to that in some previous studies [44, [78] [79] [80] [81] ), and these works will be carried out in separated articles as the next steps.
IV. PARTICULAR POLARIZATIONS OF THE PERTURBED SLF-EMWS DEPENDING ON TENSORIAL AND POSSIBLE NONTENSORIAL POLARIZATIONS OF GWS FROM BINARY MERGERS
Some researches have been carried out [54, 82, 83] for additional polarizations relevant to observations by LIGO. However, more information of specific properties of possible nontensorial GWs from binary mergers, are still very expected. For the tensorial GWs from binary mergers, it is already known that the proportions of two polarizations depend on the orbital inclination ι (angle between the sight direction and the spin axis of the binary) [84] . E.g., for the "face-on" (cos ι = ±1) and "edge-on" (cos ι = 0) directions the GWs are circularly and linearly polarized, respectively. Excitingly, recent work [54] presents the inclination-angle dependence and relative amplitudes for GWs including nontensorial by GWs from binary mergers with the amplification process of magnetic fields. Subfigure (a) is the waveform template of binary neutron star merger, and this curve is produced and modified from some materials of Ref. [78] . The subfigure (b) is an example of typical process of magnetic field amplification during binary merger (the curve is produced based on some materials of Ref. [44] ), and this extreme phenomenon could amplify the magnetic fields into very high level of ∼ 10 16 Tesla or more. Here, the time = 0 means the merger time where the maximum of GW amplitude appears. The subfigure (c) presents that the waveform of perturbed SLF-EMWs should be no longer linearly proportional to the waveform of the GWs of binary merger, because of the amplification process of magnetic fields of the binary (see more in Sect. III), and thus, in this example, the waveform of SLF-EMWs will be enlarged from about -10 ms to 22 ms. In other words, information of the amplification transfers into the characteristic shape of the waveform of perturbed SLF-EMWs. The subfigure (d) shows the comparison between the waveforms of the perturbed SLF-EMWs with and without the influence of the amplification process. It should be emphasized that, this figure is not the exactly predicted waveform of perturbed SLF-EMWs, but only to intuitively present the overall increasing tendency of the perturbed SLF-EMWs due to the amplification of magnetic field of the binary, based on very simplified considerations, and the precisely predicted waveforms of the perturbed SLF-EMWs need to be computed by massive numerical calculations and simulations, and such works will be carried out in separated articles as the next steps.
modes, i.e., for modes of h x , h y , h b and h l , the inclination angle ι gives factors of sin 2ι, sin ι, sin 2 ι and sin 2ι, respectively. Based on above knowledge, we can have a specific manner of how the polarizations of perturbed SLF-EMWs connect to the tensorial and nontensorial polarizations of GWs from binary mergers. For a simple estimation, e.g., we here focus on the influence of inclination angle ι and ignore impact by other angular parameters, and also only include the vector modes as nontensorial GWs. According to the geometrical factors given by Ref. [54] :
for the h + , h × , h x and h y GWs, the mixed GWs can be expressed as [54] (set the relative amplitudes of h + and h × as 1 and equal to each other):
On the other hand, due to current study [39] , the tensorial and nontensorial polarizations of GWs will lead to corresponding different polarizations of the perturbed SLF-EMWs, given particular types of background magnetic fields (transverse or longitudinal, to interact with the GWs). It is found [39] :
i.e., the electric componentẼ (15) to (17) we can obtain the relationship how the polarizations of perturbed SLF-EMWs connect to the tensorial and nontensorial polarizations of GWs from binary mergers:
based on the above expressions we have a brief picture of some examples of polarizations of perturbed SLF-EMWs shown in Fig. 6 . These figures indicate that the polarization of the EM counterparts of the perturbed SLF-EMWs obviously depends on not only the amplitudes of nontensorial GWs (A Vx , A Vy ) and the inclination ι, but also on the levels of background magnetic fields and their directions. Therefore, if any specific polarization of the perturbed SLF-EMWs would be captured and recognized, we could reversely extrapolate the possible combination of proportions of all polarizations (including nontensorial ones) of the GWs from binary mergers. Here, only some simplified cases are presented, and further studies considering more parameters to influence the polarizations of perturbed SLF-EMWs will be carefully and detailedly addressed in other works.
V. POSSIBLE WAYS OF DETECTION FOR PERTURBED SLF-EMWS CAUSED BY GWS FROM BINARY MERGERS
The perturbed SLF-EMWs caused by GWs of binary mergers, will be in the same frequencies of such GWs, i.e., usually defined as super-lowfrequency (SLF) band (mainly around ∼ 10 1 Hz to ∼ 10 2 Hz) in the studies of EMWs. SLF waves have very strong ability of penetration rather than EMWs in some much higher frequency bands, e.g., visible light. Hence, in the past decades, the United States, Russia and India have built some huge radio transmitters using SLF waves to communicate with the submarines. Also, SLF detections have been widely used in earthquake forecasting and mining, etc. For normal situations, requirements for receivers of SLF-EMWs are much more relaxed than that of SLF transmitters, so some small antennas or coils can be used to capture SLF signals, even by many radio amateurs.
However, attempting to detect the weak signals of magnetic components of the perturbed SLF-EMWs caused by the GWs from binary mergers, which are in level around ∼ 10 −12 to ∼ 10 −17 Tesla (see Sect. II and Table I ), ultra-sensitive installments are required.
Fortunately, SLF detectors and magnetometers already with or approaching such sensitivity have appeared in recent years by rapidly developing cutting-edge methods such as those based on atoms, cesium vapor, rubidium vapor, diamond, superconducting quantum interference device (SQUID), spin wave interferometer, coilsantennas and so on .
As addressed in section II, for the case that the neutron star of the binary is a magnetar, the magnetic components of perturbed SLF-EMWs have strengths of ∼ 10 −13 Tesla ar the Earth, and thus such signals are already sit in the sensitivity range of currently existing magnetometers, see Refs.
[55, 59, 67, 70, 72, 85] and so on. However, in order to integrate these science and technology of highly sensitive magnetometry into the frame of a novel type of GW detectors, it still involves many specific engineering and technical issues, which will be investigated in subsequent studies.
If the SLF detectors and magnetometers are placed in space, e.g. in spacecrafts like satellites or orbital space station, the noise will be largely 
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(g) reduced, and besides, the characteristic waveforms (would be predicted by massive numerical calculations) and particular polarizations of the perturbed SLF-EMWs, will carry some unique information and provide distinct features helpful to extract and distinguish the signals out of the noise, and relevant signal processing methods are similar to the methods for searching GW signals from data of LIGO, Virgo, KAGRA, etc by using matched filtering based on waveform templates. The SLF detectors or magnetometers would have much lower cost rather than usual GW detectors and many of them are already installed on different sites on the Earth. Thus, some of them could work by current situation or after necessary updates. If a network of such observers both land and space based would be built up, their multi-detections with cross-checkings would largely improve the sensitivity and detectability, and will be well complementary to other GW detectors.
Here we only have a very brief and preliminary discussion on the possibility of the detections, and specific issues about experimental schemes, including extracting and distinguishing such signals of perturbed SLF-EMWs and relevant technique problems, should be detailedly addressed in other works.
VI. SUMMARY, DISCUSSION AND CONCLUSION

Summary:
( Fig. 4 ]. Such signals would be already within or approaching the detectable windows of current highly sensitive magnetometry.
Crucially, for the first step, here at least as a safe estimation, we find that, for the case that the neutron star in the binary is a magnetar, the strengths of signals (also a special EM counterpart of GWs) with level ∼ 10 −13 Tesla are already detectable by current highly sensitive SLF detectors and magnetometers (see Sect. V).
(2) Due to the amplification process of magnetic fields of binary mergers, which can be greatly amplified by more than 3 order of magnitude and easily reaching 10 16 G or higher, the characteristic waveforms of the perturbed SLF-EMWs will be modified and have very unique shapes helpful for distinguishing and extracting such signals from background noise using method of matched filtering based on waveform templates. Inversely, detection of SLF-EMWs may also suggests a possible means to investigate the evolution (including the amplification process) of the magnetic fields during the binary mergers. Precise predictions of such characteristic waveforms could be carried out in other separated articles by massive numerical simulations. Besides, importantly, for EM counterparts [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] such as GRBs, it is usually assumed that the EMWs and GWs are generated at the same time, but actually, there is still some unknown uncertainty (regarding the relative timing of emissions between GWs and EMWs) would impact the analysis based on the difference of arrival times between the EM and GW signals; differently, for the case of EM counterparts of the perturbed SLF-EMWs, such uncertainty would be reduced or avoided, because under the frame of electrodynamics in curved spacetime, they just clearly have the same start time to synchronously propagate outward from the source of binary. Therefore, if there is some difference of arrival times between the GWs and SLF-EMWs, it would provide more accurate information underlying researches for some very important issues such as extra-dimensions of space, inflation, large-scale structure of Universe, measurement of cosmological parameters (e.g. local Hubble constant), speed and mass of photons and gravitons, Lorentz violations in gravity, and some other crucial properties of gravity and Universe.
Discussion:
(1) Detection of the perturbed SLF-EMWs suggests a possible new way to observe the GWs from binary mergers, and such way has different effects to probe both tensorial and nontensorial polarizations of GWs, which relevant to fundamental issues of modified gravity, extra-dimensions of space and so on. The LIGO, Virgo and KAGRA, etc will form a observatory network to seek more information of polarizations (including possible additional ones) of GWs. However, detection of perturbed SLF-EMWs would reflect special connection relationship between the polarizations of the perturbed SLF-EMWs and the GWs, and thus might provide different new information relevant to the possible nontensorial modes.
(2) Detection of the perturbed SLF-EMWs could be complementary to (and cross-checked with) other GW detections by LIGO, Virgo, KAGRA and so on. It would be able to provide new information to reduce the uncertainty of the source position, and also may allow a more relaxed parameter space for detections. As the multi-messenger observations, information of GWs and EMWs can be mutual references, e.g. if other GW detectors find any GW event in prior, we could search corresponding SLF EM signals based on the data of the detected GWs. Besides, detection of the perturbed SLF-EMWs would have comparatively much lower cost, and more detectors could be built up or updated from currently existent magnetometers on the Earth or in spacecrafts to form a detector network for cross-checked multi-observations. (3) Detection of the perturbed EMWs would find signals of GWs in broader frequency bands rather than the range of 1 − 1000 KHz, i.e., may not be limited to the SLF band, due to that the ultra-strong surface magnetic fields of neutron stars could interact to the extended frequency bands depending on the frequencies of GWs. E.g., the neutron star-neutron star binary mergers would produce GWs including frequency components over 1000 Hz.
(4) The calculation in this article can also similarly apply to the GW sources of binary inspiral, or for single spinning magnetars with asymmetric mass distribution, etc.
Such continuous GWs will have different characteristic waveforms rather than the transient GWs of binary mergers, and the polarizations of corresponding perturbed SLFEMWs could also have distinguishable features, depending on the polarizations (including both tensorial and nontensorial) of these continuous GWs and parameters such as the inclination angle. Also, for cases of continuous GWs, usually there is no common EM counterparts such as GRBs, but the special new type of EM counterpart of the perturbed SLF-EMWs would have detectable levels at the Earth given similar parameters addressed in the Sect. II.
(5) We here propose the general frame of this possible way of detection for GWs and corresponding special EM counterparts. This frame might suggest us a multi-disciplinary direction of interesting studies involving many aspects of the GWs, astronomy, astrophysics, weak EMW detection, magnetometer, numerical GR, gravity, cosmology, extra-dimensions, etc. This proposal can be extended into extremely low frequency band of the EMWs (sometimes defined as 3Hz to 30Hz, or 3Hz to 3kHz, or also including some frequencies below 3Hz, in brief, an extension to the SLF to cover more GWs sources in broader frequency range), so we could generally call this frame as OURSELF (Observations Using Radiations in Super-and Extremely-Low Frequencies).
Conclusion:
Detection of the perturbed SLF-EMWs would be a potential novel way to observe the GWs from binary mergers having both tensorial and possible nontensorial polarizations, by alreadyexisting and very fast developing techniques of SLF detectors and magnetometers, and such unique signals and also special EM counterparts of the GWs, would bring us some different new information of fundamental properties of the gravity and Universe that other GW detections may not provide.
